CO,, vascular cGMP, and tissue PGE, (5, 6) , many of these influences are absent or attenuated in the neonate, and thus the reasons why postnatal cerebral arteries remain hypocontractile remain unclear.
One possible explanation of age-related differences in cerebral artery contractility involves differences in the way cerebrovascular smooth muscle handles calcium. In many contractile tissues, including stomach (7), bladder (8) , trachea (9) , and myocardium (10) (11) (12) , extracellular calcium is more important in initiating and/or sustaining contraction in newborns than in adults. Similarly, morphologic studies indicate that immature vascular smooth muscle has a smaller volume of sarcoplasmic reticulum than is found in mature blood vessels (13) . Despite these apparent age-related differences in calcium handling, however, studies of the role of extracellular calcium in the contraction of immature arteries are few.
ZURCHER AND PEARCE
The purpose of the present study was to examine age-related differences in cerebral artery contractility and its dependence on extracellular calcium. To examine the role of extracellular calcium, these studies focused on age-related differences in calcium uptake stimulated by both receptor-dependent and receptor-independent mechanisms of contraction. Owing to the relatively large size of newborn lamb cerebral arteries, the studies were conducted in newborn and adult ovine MCA. COM were also studied for comparison. Using these methods, four different protocols were conducted to examine age-related differences in cerebrovascular calcium handling.
METHODS
All procedures and protocols used in the present studies were approved by the Animal Research Committee of Loma Linda University and followed all guidelines put forth in the NIH Guide for the Care and Use of Laboratory Animals. We obtained middle cerebral and common carotid arteries from newborn lambs (age 3-5 d) and young nonpregnant adult sheep (age 18-24 mo). Up to eight ring segments of each artery type were sampled from each animal. When a single protocol was repeated with multiple segments from the same animal, we averaged the results into a single value before statistical analysis. All reported values of n refer to the number of animals, not the number of segments.
The initial treatment of all arteries was identical and has been described in detail previously (14) . Briefly, we cleaned the arteries of adipose and connective tissue and cut them into ring segments 2 mm (COM) or 5 mm (MCA) in length. Because a wide variety of evidence indicates that factors released from the vascular endothelium may modulate vascular tone via changes in vascular calcium uptake (15) , all arteries were denuded of vascular endothelium by mild mechanical abrasion. Artery segments designated for contractility measurements were mounted on paired wires between a force transducer (Kulite BG-10) and a post attached to a micrometer used to vary resting tension. Artery segments designated for calcium uptake measurements were mounted on custom-made, spring-loaded wires calibrated to maintain optimal resting tension, as determined in our previous studies of active and passive stress-strain relations in mature and immature ovine carotid and cerebral arteries (4) . All newborn and adult artery segments were equilibrated at optimum resting tension, 1.0 g for the COM and 0.5 g for the MCA, for at least 30 min in a Krebs-bicarbonate solution containing (in mM) 122 NaC1,25.6 NaHCO,, 5.56 dextrose, 5.17 KCI, 2.49 MgSO,, 1.60 CaCl,, continuously bubbled with 95% O,, 5% CO, and maintained at 38.5"C (normal ovine core temperature).
After equilibration, artery segments designated for contractility measurements were contracted with an isotonic Krebspotassium solution containing 122 mM K+ and 31 mM ~a + . After peak tensions were reached, we washed the arteries with normal Krebs-sodium solution and allowed them to reequilibrate at baseline tension for another 30 min. Endothelial denudation was then verified by the absence of vasodilator responses to vessel-specific, endothelium-dependent vasodilators (10 pM ADP in MCA segments, 1 pM bradykinin in COM segments) in arteries precontracted with 1 pM serotonin. During all contractility experiments, we continuously digitized, normalized, and recorded contractile tensions using an on-line computer. Using these general methods, we conducted four different protocols.
Protocol 1: Determination of optimum wash time. The primary challenge associated with the 4 5~a influx technique is distinguishing between extracellular and intracellular calcium compartments. Fortunately, the kinetics of exchange for the extracellular compartment are generally several orders of magnitude faster than for the intracellular compartment. Resolution of intracellular and extracellular calcium compartments is typically achieved by multiple serial washes in cold EGTA solution. The rapid loss of counts in the first washes reflects the loss almost exclusively from the extracellular compartment. Loss from the intracellular compartment is directly indicated by the slope of the slow component of the washout curve and is minimized by the low temperature of the wash solution; maintenance of low wash temperatures is critical for these measurements. The optimum wash time, in turn, is that duration at which the cumulative loss of intracellular calcium is exactly balanced by the remaining extracellularly bound calcium. This point is determined by extrapolating the slow linear phase of the washout to its y axis intercept, and then determining the time of wash which gives the y axis intercept value.
When properly applied, the optimum wash time should clearly discriminate between intracellular and extracellular calcium compartments based on washout kinetics. These kinetics are influenced most strongly by the sizes, calcium contents, and diffusion coefficients in the compartments involved. In the artery wall, these factors are governed e.g. by wall thickness, connective tissue content, and cell surface-tovolume ratio. Thus, the kinetic determination of optimum wash times takes into account differences in wall thickness, as well as differences in all the other factors that in any way influence calcium exchange between compartments.
Based on our previous observations that optimum wash times vary significantly among different artery types, due presumably to differences in wall thickness and artery composition (16), we believe that it is critical to determine optimum wash times in each artery type used if this method is to yield accurate results. To determine optimum wash times in the arteries we used, we first loaded them with 4 5~a .
Because the duration for which calcium uptake was linear with time was previously determined in cerebral arteries to be at least 4 min (16), we exposed the arteries for 2 min to 1.6 mM ca2+ containing 4 5~a .
After loading, we passed the segments through a series of vials containing ice-cold 2 mM EGTA in Hepes buffer (16) . During this procedure, we washed each segment for 5 min in each of 18 vials, after which the segment was dried in a desiccation oven, weighed, dissolved in tissue solubilizer (TS-2, Research Products International, Mt. Prospect, IL), and counted in a scintillation detector. The wash solutions in the individual wash vials were also counted. We then constructed cumulative washout curves as previously described (16) , determined by linear regression the slope of the late linear phase of the washout curves which routinely occurred between 50 and 90 min of washing, and extrapolated this slope to determine its y axis intercept. The wash time which gave the y axis intercept value on the cumu1ativ:e washout curve was then taken as the optimum wash time for each vessel (see Results).
Protocol 2: Efects of potassium depolarization on the time course of 4 5~a uptake. Given values for optimum wash times, the goal of our next protocol was to determine the time course of calcium uptake stimulated by potassium depolarization in each of our artery groups. Because stretch appears to facilitate calcium uptake (17) (18) (19) , the arteries used for these experiments were arranged in matched sets of six vessel segments of each artery type from each animal and mounted on spring-loaded wires calibrated to maintain the same optimum tension used in contractility experiments. After the arteries had been equilibrated in 38.S°C Krebs-sodium solution as described above, we exposed them to an isotonic Krebs-high potassium solution for 4 min. Two fresh Krebs-sodium solution washes were then applied, and the arteries were allowed to equilibrate for 1 h.
The arteries were then exposed for varying intervals to 122 mM Krebs-potassium solution, to attenuate the potassium gradient, maximally activate voltage sensitive calcium channels, and thereby stimulate calcium influx. During the last 2 rnin of each interval, 4 5~a 2 + was present to follow uptake. The intervals used were 2, 4, 6, and 8 rnin of exposure to Krebspotassium solution. For comparison, a 2-min uptake of 4 5~a 2 + under baseline conditions (no Krebs-potassium solution exposure) was also determined in two matched segments. After loading, the arteries were washed in ice-cold normal Krebs solution containing 2 mM EGTA for the optimum wash time, dried in a desiccation oven, weighed, and then dissolved in tissue solubilizer before counting in a scintillation detector. Calcium uptake values were then calculated as micromoles of calcium per gram of dry tissue per minute.
To compare the time courses for contraction and 45~a2' uptake, artery segments were mounted for contractility measurements as described above. After equilibration and verification of endothelial denudation, the time course of the contractile response to Krebs-potassium solution was recorded for at least 8 rnin in each segment.
Protocol 3: Serotonin dose-response relations. Whereas potassium depolarization is receptor-independent and initiates contraction largely through activation of the uptake of extracellular calcium, receptor-dependent agonists such as serotonin stimulate contraction through both enhancement of calcium influx and release of intracellular calcium. To enable a comparison between receptor-dependent and receptor-independent patterns of activation of calcium uptake, we first determined the concentration of serotonin that produced a maximum contractile response.
After verification of endothelium denudation, arteries were reequilibrated in Krebs-sodium solution containing 1 pM prazosin to block any activation of a,-receptors (20) and 0.1 pM desimpramine to block neuronal uptake. After 20 rnin of incubation, serotonin was added in half-log increments from to 10-3.5 M. The artery segments were then washed until baseline tensions were reestablished, at which time the specific 5HT2 antagonist ketanserin (0.1 kM) was added to the baths, along with the a,-antagonist prazosin (1 pM) and the uptake inhibitor desipramine (0.1 pM). Twenty minutes later, the dose-response relation for serotonin was characterized again.
All contractile tensions were normalized to 100% maximum response. We then estimated the log molar serotonin concentrations required to produce a half-maximal contraction (pD2) both before and after ketanserin by fitting the dose-response data to the logistic equation using computer-assisted nonlinear regression (see below). Values of K,, (the dissociation constant of the antagonist for the receptor) were calculated using the equation:
where [A'] is the pD2 concentration of serotonin in the blocked tissues, [A] is the pD2 concentration of serotonin in the control tissues, and [B] is the concentration of antagonist.
Protocol 4: Efects of serotonin on the time course of 4 5~a uptake. The goal of our final protocol was to determine the time course of calcium uptake to serotonin using the concentration producing maximum contractile response, as determined above in protocol 3. Using this method of contraction, protocol 2 was repeated in each artery group.
Statistics. All dose-response data were fitted to the logistic equation using computerized nonlinear regression (Wavemetrics, IGOR 1.26). This curve-fitting procedure yielded values for two parameters: the pD2 (-log of the ED, , , ) and the maximum effect. For all data sets, we verified the homogeneity of variance assumption among subsets (homoscedasticity) using Cochran's test. After verification of homoscedasticity, we employed two-way ANOVA with maturational age (newborn or adult) as one factor and artery type as the other. For ANOVA analyses with one or more statistically significant results, we calculated individual post hoc differences between treatments of a given vessel type using Duncan's test. Single one-time comparisons between two groups were performed using a Behren's Fisher analysis with pooled weighted variance. adult MCA (Fig. 1) . The To values varied significantly between artery types but not with age. Protocol 2: Effects of potassium depolarization on the time course of 4 5~a uptake. Baseline values of calcium uptake varied significantly with both age and artery type (Fig. 2) . Newborn (n = 12) values averaged 0.247 t 0.027 and 0.387 5 0.042 pmollg dry weightlmin in COM and MCA, respectively, and these values were significantly higher than the corresponding adult (n = 20) values which averaged 0.136 t 0.012 and 0.328 +-0.042 pmollg dry weightlmin, respectively.
RESULTS

From
In addition, MCA values were significantly greater than corresponding COM values in each age group.
After exposure to potassium, activated rates of total calcium uptake in micromoles/g dry weightlmin varied over time in an artery specific manner, and were significantly higher in newborn than adult arteries (Fig. 2) . When magnitudes of activation were expressed as percentage changes above baseline, calcium uptakes were 46 + 13%, 29 t 9%, 40 t 17%, and 56 + 11% at 0-2, 2-4, 4-6, and 6-8 rnin of exposure to potassium, respectively, in newborn COM segments. Corresponding values in adult COM segments were 0%, 29 5 6%, 24 + 11%, and 40 t 14%, respectively; potassium-induced activation of uptake was slower in onset and smaller in magnitude in adult compared with newborn COM segments. Coincident with these age-related differences in calcium uptake were differences in the rates and magnitudes of contraction induced by potassium (Fig. 2, upper left panel) . The rate of contraction was faster, but was less stable and of smaller absolute magnitude in the newborn (4.46 +-0.21 g) than the adult (5.84 +-0.98 g).
In MCA segments, timed exposure to potassium was also associated with variations in the rates of activated calcium uptake and these were greater in newborn than adult segments. When magnitudes of activation were expressed as percentage changes above baseline, calcium uptakes averaged 131 -)-19%, 80 t 20%, 128 + 39%, and 88 -t 25% at 0-2,2-4,4-6, and 6-8 min of exposure to potassium, respectively, in newborn MCA segments. Corresponding values in adult MCA segments were 0%, 48 t 13%, 52 5 13% and 22 t 12%, respectively. Thus again, potassium-induced activation of uptake was also slower in onset and smaller in magnitude in adult compared with newborn segments. In contrast to the COM results, however, the rates and magnitudes of contraction were similar in newborn (3.04 + 1.1 g) and adult (3.08 + 0.56 g) MCA segments ( Fig. 2, upper right panel) . When values of potassium-induced calcium uptake were compared between artery types, MCA values were significantly greater than corresponding COM values in both age groups at all times examined.
To examine the relation between calcium uptake and active stress, the calcium uptake values observed during 6-8 min of exposure to potassium were normalized relative to the corresponding levels of potassium-induced active stress measured in the same artery types in a previous study (4) . This normalization yielded units [(micromoles 4 5~a / g dry weight1min)l (dynes/cm2)] and corrected for differences in artery wall composition, which are significant with age and artery type (4) . The values of this ratio were greater in newborns (N) than adults (A) for both artery types (N-COM: 0.85 ? 0.11; A-COM: 0.61 t 0.08; N-MCA: 1.33 2 0.25; A-MCA: 0.87 t 0.14). In addition, the values of this ratio were also greater for MCA than for COM of both age groups.
Protocol 3: Serotonin dose-response relations.
The serotonin dose-response relation varied with both age and artery types (Fig. 3) , as indicated by the pD, values. In COM segments, pD, values were significantly greater in newborn (6.43 f 0.08, n = 6) than adult (5.26 + 0.13, n = 10) segments. In contrast, pD, values in MCA segments were similar in newborns (6.72 + 0.12, n = 6) and adults (6.87 + 0.11).
To ascertain the receptor type mediating contractile responses to serotonin in our preparations, dose-response relations for serotonin were also determined in the presence of No age-related differences were observed in the MCA. The dose-response data were fitted to the logistic equation using nonlinear regression to obtain the estimates of pD, shown. In the COM, serotonin pD, values were significantly less in the adult than in the newborn, as indicated by the asterisks (inset). Both the newborn and adult MCA were more sensitive to serotonin than in their corresponding COM, as indicated by the daggers. uptake. After exposure to 100 pM serotonin, activated rates of total calcium uptake in micromoles/g dry weightlmin varied over time in an artery specific manner, and were significantly higher in newborn than adult arteries (Fig. 4) . When magnitudes of activation were expressed as percentage changes above baseline, calcium uptakes were 43 + 20%, 37 + 13%, 36 5 15%, and 35 + 17% at 0-2, 2-4,4-6, and 6-8 min of exposure to serotonin, respectively, in newborn COM segments. Corresponding values in adult COM segments were 0%, 10 + 8%, 27 + 8%, and 45 f 18%, respectively. Thus, serotonin-induced activation of uptake was slower in onset in the adult but of similar final magnitude in newborn and adult COM segments. The corresponding contractions developed more slowly, but were of similar absolute magnitude in newborn (7.22 + 0.76 g) and adult (7.27 + 1.10 g) COM segments (Fig. 4, upper left panel) .
In MCA segments, timed exposure to serotonin was also associated with variations in the activated rates of total calcium uptake and these were greater in newborn than adult segments. When magnitudes of activation were expressed as percentage changes above baseline, calcium uptakes averaged 73 + 27%, 
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ZURCHER AND PEARCE 101 + 15%, 100 -t 30%, and 98 + 26% at 0-2,2-4,4-6, and 6-8 min of exposure to serotonin, respectively, in newborn MCA segments. Corresponding values in adult MCA segments were 0%, 29 t 23%, 0%, and 0% respectively. Thus again, serotonin-induced activation of uptake was also slower in onset and smaller in magnitude in adult compared to newborn segments. The corresponding contractions were similar in both rate and magnitude in newborn (3.59 -f 0.14 g) and adult (3.60 2 0.16 g) MCA segments (Fig. 4, upper right panel) . When values of serotonin-induced calcium uptake were compared between artery types, MCA values were significantly greater than corresponding COM values in both age groups at all times examined.
DISCUSSION
In most tissue types, calcium handling varies with age. In myocardial tissues, for example, contraction is more dependent on transarcolemmal calcium influx, and less dependent on calcium release from intracellular storage sites, in neonates than in adults (11, 12) . In bladder smooth muscle, the capacity to bind and release intracellular calcium increases with maturation (8) . In vascular smooth muscle, the volume of intracellular storage sites for calcium increases with maturation (13) . Despite these effects of age on calcium handling, however, direct studies of effects of maturation on calcium influx are rare. To address this deficit, we modified and validated methods for measurement of calcium uptake for use in newborn arteries. Through the use of short uptake times, the method we developed preferentially and accurately quantitated unidirectional 4 5~a influx independent of differences in vessel wall thickness (16) . The 4 5~a washout curves obtained with this method were highly reproducible (Fig. I) , as were values of basal and activated calcium uptake.
Basal rates of calcium uptake were greater in newborn than in adult arteries (Fig. 2) , suggesting that calcium handling or smooth muscle content may vary with age, even under unstimulated conditions. Consistent with findings in adult arteries of other species (16), we also found that basal rates of calcium uptake were greater in small intracranial than in large extracranial arteries. Although basal values for calcium uptake in newborn cerebral arteries have not been previously published, the basal values we obtained in sheep arteries (136-387 pmoll minlkg dry weight) were consistent with but higher than basal measurements reported for rabbit aorta (-44 pmol/min/kg dry weight) (21), rabbit carotid and cerebral arteries (27-67 pmoll mintkg dry weight) (16) , and bovine coronary artery (=27 pmol/min/kg dry weight) (22) . Aside from species and artery differences, one reason our basal values were greater may be that, in contrast to the aforementioned studies, all arteries used in our study were loaded under stretched conditions. Stretch is well documented to increase calcium uptake in many different smooth muscle preparations (23) (24) (25) .
As for all ionic fluxes, the basal rate of calcium influx is determined by both the inward calcium gradient and the resting membrane calcium conductance. Given that the inward calcium gradient is dominated by the plasma concentration of calcium, and that this concentration is equivalent in newborns and adults (26, 27) , it is doubtful that age-related differences in calcium gradient contributed significantly to the maturational differences in basal calcium influx we observed. If maturational differences in the inward calcium gradient are minimal, then age-related differences in basal calcium uptake must be due primarily to differences in membrane calcium conductance. Total calcium conductance, in turn, reflects the sum of multiple individual conductances including those attributable to passive (leak), stretch-activated, and voltage-sensitive calcium channels (28, 29) . Although age-related differences in the density and/or activation of stretch-activated channels have yet to be explored, a variety of evidence supports the view that ion permeability is generally higher in newborn than in adult cerebral arteries (30) (31) (32) . In contrast, the density of many types of ion channels, including voltage-sensitive calcium channels, appears greater in adult than in newborn contractile tissues (33, 34) . Interestingly, resting membrane potential appears to be more depolarized in newborn than adult contractile tissues (35) , suggesting that resting calcium current through voltagesensitive calcium channels is probably greater in newborn than in adult tissues. How resting inward calcium current is distributed among voltage-sensitive, stretch-activated, and leak channels remains unknown, but age-related differences among these pathways probably constitute the basis for the age-related differences in basal calcium uptake we observed.
To gauge the effects of maturation on current through voltage sensitive calcium channels, we examined the effects of potassium depolarization on 4 5~a uptake as a function of age. As observed under basal conditions, 4 5~a uptake values after potassium depolarization were greater in newborn than adult arteries at all time points examined, and were also greater in MCA than in COM segments within each age group (Fig. 2) . These age-related differences were evident whether the data were compared as absolute (micromoles 45~a/g/min), foldincrease above baseline or uptakelactive stress values. In addition, calcium uptake after potassium depolarization increased more rapidly in newborn arteries; the first 2 min of potassium depolarization significantly increased calcium uptake in newborn, but not adult, COM and MCA segments. Despite these age-related differences in calcium uptake, however, maximum contractile tensions did not vary significantly with age in the MCA, and rates of contraction varied with age only in the COM segments. Together, these data demonstrate that the role of calcium influx in potassium-induced contractions varies markedly with both age and artery type.
As discussed above, the main determinant of calcium influx is the membrane conductance for calcium. Correspondingly, increases in calcium uptake after depolarization are due primarily to increased conductance through voltage-sensitive calcium channels. Indeed, depolarization decreases the inward electrical gradient favoring calcium entry, and thus should attenuate inward calcium current through stretch-operated and leak channels. Given these considerations, we attribute the age-related differences in calcium uptake that we observed after potassium depolarization to age-related differences in voltage-sensitive calcium channel current. These differences, in turn, must be due to differences in either the density or the activation of voltage-sensitive calcium channels. Although the effects of maturation on voltage-sensitive calcium channel density have not been reported in vascular smooth muscle, similar studies in cardiac (33) , skeletal (36) , and bladder (37) muscle suggest that voltage-sensitive calcium channel density does not decrease with age. These findings thus argue against age-related decreases in channel density as an explanation of our results. Conversely, findings that membrane electrical properties change with age (35, 38) suggest that the voltagecurrent relation for voltage-sensitive calcium channels could be different for newborn and adult arteries. Additional future experiments will be required to verify this possibility.
Coincident with the age-related differences in potassiuminduced calcium uptake were differences in contractile responses to potassium. In the common carotids, the rate of contraction was faster in newborn than adult segments, thus paralleling the more rapid increases in calcium uptake observed in the newborn. The magnitude of contraction, however, was less in newborn than adult carotid segments, despite the fact that calcium uptake was greater in the newborn (Fig. 2) . In MCA segments, both the rate and magnitude of contraction were similar in newborns and adults even though calcium uptakes were greater in newborn arteries at all time points. Interestingly, the MCA tension time course was transient between 2 and 8 min in both age groups even though calcium uptakes were relatively steady during this interval. From the perspective of the classical notion that the initial rise in tension is supported by the release of intracellular calcium, and the late "tonic" phase of contraction is supported mainly by the entry of extracellular calcium (39) , the late fall-off in tension may be attributed to resequestration and declining release of intracellular calcium. The finding that uptake is significantly elevated during the first 2 min of contraction in both newborn artery types independent of method of contraction strongly suggests that the entry of extracellular calcium is more important in the newborn than in the adult during the initial phase of contraction. Together, these findings illustrate that the overall role of extracellular calcium in potassium-induced contractions is more important in newborn than in adult segments.
To determine if age-related differences in potassium-induced calcium uptake were due exclusively to differences in the behavior of membrane voltage-sensitive calcium channels, we also measured calcium uptake using a receptor-dependent method of contraction. We selected serotonin for these studies because it is a highly potent agonist in both newborn and adult cerebral arteries and has both physiologic and pathophysiologic importance (40) (41) (42) (43) . Because a variety of studies have demonstrated that responsiveness to serotonin changes with age (40, 41), we first conducted dose-response experiments to define the concentration which would produce maximum response in both newborn and adult arteries. As shown in earlier studies (4), we found that sensitivity to serotonin decreased with age in ovine COM, but changed little in MCA segments (Fig. 3) . Estimates of pKb values for ketanserin were consistent with the presence of the 5HT2 receptor subtype in our newborn artery preparation (44, 45) . However, in both adult arteries the estimates of pKb were -10-fold lower, suggesting a possible age-related difference in the receptors mediating responses to serotonin in this study. If different subtypes were involved, and these different subtypes varied in their coupling to the entry of extracellular calcium, then age-related differences in subtype may also explain some of the observed age-related differences in calcium uptake observed in response to serotonin. The final concentration chosen, 100 pM, produced equivalent maximal tensions which did not vary with age in either artery type.
The patterns of calcium uptake stimulated by 100 pM serotonin were similar to those produced by potassium depolarization (Fig. 4) . Again, the magnitudes of calcium uptake were greater in newborns than adults at all time points, and were greater in MCA than COM of the same age. In contrast, maximum contractile tensions did not vary with age, and the rates of contraction were faster in adult segments of both artery types. Together, these data demonstrate that, for serotonininduced contractions, the time courses of tension and calcium uptake did not correlate well in any given artery type. Thus, other mechanisms such as differences in the release of intracellular calcium and/or calcium sensitivity of the contractile apparatus are probably involved in these age-related differences. The data further suggest that, as for potassium-induced contractions, the role of extracellular calcium in serotonininduced contractions is more important in newborn than in adult segments.
As stated above, age-related differences in serotonin-induced uptakes must be due primarily to differences in membrane calcium conductance. Because serotonin can depolarize cerebral arteries by several millivolts (46) , it is possible that serotonin may stimulate uptake through voltage-sensitive calcium channels. If so, then age-related differences in serotonininduced calcium uptake involve the same reasons given above for age-related differences in potassium-induced uptake. However, given that the change in membrane potential produced by serotonin was probably far less than that produced by 122 mM potassium, it is probable that the calcium-uptake stimulated by serotonin was mediated, at least in part, by potentialindependent receptor-operated membrane calcium channels. In this case, age-related differences in pharmacomechanical coupling may have contributed to the age-related differences in serotonin-induced calcium uptake we observed. Consistent with this view, the pD, for serotonin changed with age (Fig. 3) , and other studies have demonstrated age-related changes in ovine cerebrovascular norepinephrine affinity (47) . Maturational changes in other components of the serotonin signal transduction process have also been reported, including agerelated changes in protein kinase C activation, inositol trisphosphate accumulation, and calcium mobilization (9, 48) . Cognizant of these potential differences, we chose a serotonin concentration which produced equivalent maximum tensions in both age groups, to permit comparisons of calcium uptake across age. Under these conditions, the present data clearly demonstrate that newborns need more extracellular calcium to produce the same tension as adult arteries, a finding consistent with our potassium results.
Taken together, the present results demonstrate that, under baseline conditions and during activation with either potassium or serotonin, calcium uptake is uniformly greater in newborn than in adult arteries. Because the relative magnitudes of calcium entry via leak, stretch-activated, voltage-sensitive, and 500 ZURCHERANDPEARCE receptor-operated calcium channels probably vary significantly among the different conditions examined, the present data reinforce the view that a greater dependence on kxtracel~ular calcium is a generalized characteristic of neonatal arteries. Similarly, the data also support the view that contraction is more dependent on extracellular calcium entry in smaller arteries such as the MCA, than in larger arteries like the COM. Given that the present studies were conducted exclusively in arteries denuded of endothelium, the differences in patterns of calcium uptake we observed must be due solely to age-related variations in vascular smooth muscle characteristics. In light of these findings, further studies of the effects of maturation on other mechanisms involved in regulation of smooth muscle cytosolic calcium, including the release, reuptake, and extrusion of intracellular calcium, are fully warranted.
